Purdue University Indianapolis -IUPUI, Indianapolis, Ind. , USA tioning, a preference test was performed by placing worms in 6-well test plates spotted with the CS+ and CS-at opposite ends of each well. A preference index was determined by counting the number of worms in the CS+ target zone divided by the total number of worms in the CS+ and CStarget zones. A food conditioning experiment was also performed in order to determine whether embryonic MAP exposure affected food conditioning behavior. For the neurochemical experiments, adult worms that were embryonically exposed to MAP were analyzed for dopamine (DA) content using high-performance liquid chromatography. The liquid filtration conditioning procedure employed here in combination with the use of 6-well test plates significantly decreased the time required to perform these experiments and ultimately increased throughput. The MAP conditioning data found that pairing an ion with MAP at 17 or 500 μ M significantly increased the preference for that ion (CS+) in worms that were not pre-exposed to MAP. However, worms embryonically exposed to MAP did not exhibit significant drug cue conditioning. The inability of MAP-exposed worms to condition to MAP was not associated with deficits in food conditioning, as MAP-exposed worms exhibited a significant cue preference associated with food. Furthermore, our results found that embryonic MAP exposure reduced DA levels in adult C. elegans , which could be a key mechanism contrib-
Introduction
Over 12 million people have tried methamphetamine (MAP) at least once, approximately 1.2 million people have reported using MAP in the past year, and 440,000 have reported using it in the past month [1] . In the USA, MAP accounted for about 103,000 emergency department visits in 2011 and it was the fourth most mentioned illicit drug during emergency department visits [2] , with an estimated cost of USD 23.4 billion in 2005 [3] .
Studies examining the effects of MAP abuse during pregnancy are limited because they have utilized small samples and have not been able to control for the possibility that mothers used other drugs in addition to MAP [4] . The effects of prenatal MAP exposure on the developing fetus have not been well characterized [5, 6] . However, a series of reports followed a group of amphetamineexposed children from birth to age 14 years. Children exposed to amphetamine throughout pregnancy displayed emotional problems, lower IQ, higher aggression, problems with peers, poor school performance, and difficulties performing physical activities [7] [8] [9] [10] . One study examined the developmental outcomes in children born to mothers who abused MAP [11] , which found that MAP exposure in utero was associated with neurobehavioral patterns of increased physiological stress and increased CNS stress. These neurobehavioral findings are consistent with previous findings in children exposed to cocaine [12] and nicotine [13] and suggest potential MAP-induced neurotoxic effects.
Although the neurotoxic effects of prenatal MAP exposure have not been well characterized, studies in rodents have shown that MAP is toxic to dopaminergic and serotonergic neurons [14, 15] . In addition, MAP-exposed children exhibited increased concentrations of creatinine in the striatum, suggesting a possible abnormality in energy metabolism in the brains of exposed children [16] . Studies in MAP-exposed children have demonstrated smaller subcortical volumes in the putamen, globus pallidus, and hippocampus [17] . Collectively, these data suggest that areas of the frontal-striatal pathway are vulnerable to prenatal MAP exposure.
Although few clinical and basic research studies have been conducted on prenatal amphetamine or MAP exposure, studies have examined the consequences of prenatal cocaine exposure on the reinforcing properties of cocaine as adults using vertebrate animal models. Increased intravenous self-administration of cocaine has been shown in adult rats and mice following early developmental cocaine exposure [18, 19] . In contrast, locomotor sensitization with repeated noncontingent cocaine administration [20, 21] and conditioned place preference to a cocainepaired environment [22, 23] are attenuated in adult mice and rats prenatally exposed to cocaine. Similarly, in utero cocaine exposure resulted in a blunted behavioral sensitization to amphetamine in adult rabbits [24] . These findings suggest that there is a divergence of the effects of prenatal cocaine on reinforced behavior, since cocaine operant self-administration increased, while Pavlovian or associative learning decreased, in adulthood.
It is well described in previous work that Caenorhabditis elegans demonstrate both unconditioned and conditioned learning [25] . After pairing an unconditioned stimulus, such as food, with a neutral stimulus (conditioned stimulus, CS), animals show a behavioral change upon subsequent presentation of the CS. Such learning (Pavlovian conditioning) is the basis for models of drug reward in vertebrate animals [26] . C. elegans also show responses to various drugs of abuse [27, 28] , and recently we have found that C. elegans display a conditioned preference for stimuli previously associated with MAP or cocaine [29] .
Although there is evidence that MAP exposure in utero may produce significant neurobiological and behavioral consequences in developing humans and animals, systematic studies have not been conducted. Therefore, the purpose of the present study was to determine how embryonic MAP exposure in C. elegans alters the reinforcing properties of MAP as adults and whether these effects are associated with alterations in dopamine (DA) concentrations.
Culture and Maintenance of Strains
The N2 Bristol wild-type strain was used in all assays. All animals were maintained at 22 ° C, and all general culturing techniques have been described previously by Nass and Hamza [30] . Worms were grown with Escherichia coli strain NA22 as a food source on maintenance plates, produced by filling 60-mm petri dishes with 10-ml regular NGM agar (25 g bactoagar, 20 g bactopeptone, 3 g NaCl, 1 liter H20, 1 ml cholesterol -5 mg/ml 95% ethanol, 1 ml 1 M CaCl 2 , 1 ml 1 M MgSO 4 , and 25 ml of potassium phosphate buffer). The potassium phosphate buffer contained 5 g of K 2 HPO 4 dibasic/anhydrous, 30 g of KH 2 PO 4 monobasic, and 500 ml of H20, pH adjusted to 6.0 [31] .
Adult worms were used for MAP and food conditioning, preference testing, and the determination of DA concentrations to control for any effects of different sensitivities and responses to drugs at varying developmental stages. Worms were age synchronized by lysing gravid adults with bleach and sodium hydroxide, allowing eggs to be released into the solution and hatched in M9 buffer [31] . For control pre-exposure groups, 1 ml water was added to 9 ml M9 buffer. For MAP pre-exposure groups, 1 ml of a 0.5-or 1.7-m M MAP solution was added to 9 ml M9 buffer for a final concentration of 50 or 177 μ M MAP, respectively. After 18 h, hatched L1 larvae were washed 3 times with water to remove any drug, plated, and maintained on NGM plates with NA22 E. coli bacterial lawns until reaching adulthood. Conditioning and testing began approximately 72 h after plating the L1 larvae, when worms were adults.
Six-well Costar TM cell culture plates were used to determine salt preference (Fisher cat. No. 07-200-80). Clear templates were taped to the bottom of each 6-well plate to create two 1.2-cm-diameter circular target zones within the 3.5-cm diameter of each well. Salt cue test plates were produced by filling each well of the plates with 3.8 ml of NaCl free agar (17 g bactoagar, 2.5 g bactopeptone, 1 liter H20, 1 ml 1 M CaCl 2 , 1 ml 1 M MgSO 4 , and 25 ml of potassium phosphate buffer). Cholesterol was not included in the salt-free agar in order to obtain clearer images of worms during testing. Salts were applied to each target zone by placing one 2-μl drop of each ion-spotting solution (2.0 M NaCH 3 COO and 0.5 M NH 4 Cl) at the center of either of the 1.2-cm-diameter target zones. The drops were placed 1 h before testing began to allow for the ion gradient to diffuse. New spotting solutions were prepared each day to avoid increased variability in the results due to degradation [32, 33] .
Preliminary testing in 6-well plates determined that the presentation of 2.5 M Cl -and 2.0 M Na + , concentrations typically used in chemotaxis studies using larger test plates [29, 33] , in opposing target zones produced a greater preference for Cl -than Na + . Subsequently, it was found that reducing the Cl -concentration to 0.5 M , while keeping the Na + concentration at 2.0 M , produced a balanced preference response for Cl -and Na + 30 min after placing worms in the center of each well (data not shown). Therefore, 0.5 M Cl -and 2.0 M Na + were used in the chemotaxic tests performed in the present experiments using 6-well plates.
MAP Salt Cue Conditioning Procedure
The worms were washed off the maintenance plates with 15 ml of water and transferred to 15-ml centrifuge tubes. Adults were allowed to settle on the bottom of each tube for 5 min and then the supernatant was removed. This was repeated 2 more times to remove the majority of bacteria from the worms. Then, 200 μl of worms were added to each 0.45-μm disc filter (25 mm, mixed cellulose ester membrane; EMD Millipore; No. HAWG02500) placed on top of the bottom portion of an EMD Millipore Swinnex TM filter holder (No. SX0002500). A silicone O-ring was placed on top of the filter, and the top portion of the filter holder was screwed onto the bottom portion to create an enclosed chamber for the worms. The worms were exposed to water or conditioning solutions in filter holders connected to a Gilson HP-16 peristaltic pump using a flow rate of 1.0 ml/min with PVC tubing (Gilson 1.52 mm ID; No. NC9868575). First, the worms were washed with water for 5 min followed by a 2-min wash using a conditioning solution (CS+). Then they were washed with water again for 5 min followed by a 2-min wash using another conditioning solution (CS-). This process was repeated until the worms were exposed to a total of 5 water washes and 4 conditioning solution washes (2 CS+ and 2 CS-; table 1 ). Following this conditioning procedure, the worms were washed off the filters into 15-ml tubes and the supernatant was removed. The worms were diluted to a ratio of approximately 1 part worms to 2 parts water. Then 4 μl of worms were pipetted into the The worms were washed off plates with reverse osmosis water and transferred to 15-ml centrifuge tubes. The supernatant was removed to take away any remaining bacteria; 200 μl of worms were added to each 0.45-μm filter. The worms were exposed to water or conditioning solutions in a Swinnex filter holder connected to a peristaltic pump using a flow rate of 1.0 ml/min. First, the worms were washed with water for 5 min followed by a 2-min wash using a conditioning solution (CS+). Then the worms were washed with water again for 5 min followed by a 2-min wash using another conditioning solution (CS-). This process was repeated until the worms were exposed to a total of 5 water washes and 4 conditioning solution washes (2 CS+ and 2 CS-). Following this conditioning procedure, the worms were washed off the filters into 15-ml tubes, and the supernatant was removed. Then 4 μl of worms were pipetted into the center of each well of a 6-well testing plate, and pictures of each well were taken 60 min after placing the worms on test plates.
center of each well of a 6-well testing plate, and pictures of each well were taken 60 min after placing the worms on test plates.
Chemosensory conditioning was completed with either a 'sodium' or 'chloride' cue, similar to previous studies [32, 33] . Sodium acetate (NaCH 3 COO) was used to establish the sodium cue and ammonium chloride (NH 4 Cl) for the chloride cue. These chemosensory cues have been used in previous associative learning protocols as the Na + and Cl - [32, 33] . Furthermore, additional studies have shown their counterparts (acetate and ammonium ions, respectively) are also attractants in their own right [34] . For the current study, sodium acetate will be referred to as the Na + cue and ammonium chloride as the Cl -cue. Conditioning solutions were prepared by dissolving either 6.15 g/l NaCH 3 COO or 4.01 g/l NH 4 Cl to produce 75-m M Na + or Cl -solutions, respectively. MAP was added to the conditioning solutions for the drug + CS+ conditions ( table 1 ) .
Food Conditioning Procedure
For food conditioning experiments, NGM agar minus NaCl was used as the plain context for salt ion conditioning. Specifically, 6.15 g/l NaCH 3 COO or 4.01 g/l NH 4 Cl was substituted for NaCl to produce 75-m M Na + or Cl -plates, respectively [33] . Food conditioning plates were produced by filling 60-mm petri dishes with 10 ml of NaCl-free agar [17 g bactoagar, 2.5 g bactopeptone, either 6.15 g NaCH 3 COO or 4.01 g NH 4 Cl, 1 liter H20, 1 ml cholesterol (5 mg/ml 95% ethanol), 1 ml 1 M CaCl 2 , 1 ml 1 M MgSO 4 , and 25 ml of potassium phosphate buffer]. The NA22 strain of E. coli was used when the conditioning required exposure to a food source. The NA22 bacterial culture (NA22: 2 g tryptone, 1.2 g yeast extract, 0.625 g NaCl, and 125 ml water) was pipetted onto hardened saltfree agar plates and spread evenly across the plate to form a consistent lawn. The bacterial lawn was allowed to dry overnight. Four different plates were created for the food conditioning experiment: (1) Na + plus food, (2) Cl -plus food, (3) Na + no food and (4) Cl -no food.
Synchronized, adult worms were washed off the maintenance plates with 15 ml of water and transferred to 15-ml centrifuge tubes. Adults were allowed to settle on the bottom of each tube for 5 min and then the supernatant was removed. This was repeated 2 more times to remove the majority of the bacteria from the worms.
For the first conditioning treatment (CS-only), separate groups of worms were transferred to plates with Na + no food or Cl -no food for 3 h ( table 2 ). Any excess water that was transferred with the worms was absorbed with a Kimwipe to spread the worms over the conditioning plate and to prevent large clumps of animals. Subsequently, the worms were washed off the plates with 15 ml of water, as described above. For the second conditioning treatment (CS+ plus food or CS+ no food), the worms were then exposed to plates with the CS+ plus food or CS+ no food for 1 h. Any excess water that was transferred with the worms was absorbed with a Kimwipe to spread the worms over the conditioning plate and to prevent large clumps of animals. Then, the worms were washed again with 15 ml of water, as described above. The worms were tested for salt preference 30 min after they were washed off the conditioning plates, using the same salt preference testing methods described in the MAP salt cue conditioning procedure.
Imaging and Worm Counting
The worms were imaged by taking pictures with an Olympus 770sw digital camera positioned on top of a light box, which emitted light indirectly and underneath each 6-well plate. The images were analyzed using ImageJ software to count the number of worms in the target zones of the test plates. Using ImageJ, the target zone was cropped from each photo, and the color threshold of the image was adjusted. Specifically, threshold color was set to red, color space was set to RGB, and color threshold was adjusted so the worms were highlighted in red. Particles were analyzed with a pixel size of 80 to infinity. The number of worms counted in each target zone was recorded and analyzed in Microsoft Excel.
A chemotaxic preference index (PI) for the CS+ was then calculated by dividing the number of worms in the target zone containing the CS+ by the total sum of worms counted in both the CS+ and CS-zones converted to a percentage. To determine whether there were statistically significant differences in CS+ preference due to drug or food conditioning, or pre-exposure, PIs were compared to those of respective vehicle-exposed groups.
Determination of DA Concentrations in C. elegans
The worms were washed from their maintenance plates and then washed 3 times with water to remove any bacteria. The The worms were washed off the plates with water and transferred to 15-ml centrifuge tubes. The supernatant was removed to take away any remaining bacteria. The worms were placed on CS-conditioning plates for 3 h and washed off the plates with water. They were then placed on CS+ plus food or CS+ no food plates for 1 h. Following this conditioning procedure, the worms were washed off the plates. Then 4 μl of worms were pipetted into the center of each well of a 6-well testing plate, and pictures of each well were taken 30 min after placing the worms on test plates.
washed worms were transferred to 1.5-ml Eppendorf tubes, excess water was removed after centrifugation (3 min; 2,100 g ), and the wet weight of the pelleted worms was determined. Samples were kept on ice during all extraction procedures described below to minimize DA degradation. Perchloric acid (0.5 M ) was added to each tube just before sonicating (1 μl of PCA: 1 mg of worm tissue wet weight). Samples were then sonicated for 30 s while on ice, then vortexed briefly, and a 50-μl aliquot was taken from each sample to determine soluble protein concentrations. Protein concentrations were determined using the Coomassie Plus Protein Assay Reagent (Bio-Rad) [35] . No statistical differences were observed for soluble protein concentrations between treatment groups and the mean (± SEM) concentration was 1.27 ± 0.11 across all groups.
The remaining sample was centrifuged for 5 min to pellet proteins and the supernatant was analyzed for DA concentrations by high-performance liquid chromatography with electrochemical detection [36] . Separation was performed on an ESA HR-80-3 C18 6 with sodium hydroxide. The mobile phase was maintained at a flow rate of 0.2 ml/min, and DA was detected by oxidation at +200 mV using an ESA Coulochem II detector. DA concentrations were quantified by relating the peak areas to those of calibrating DA standard solutions. Analysis and quantification of chromatograms (peak area) were performed using Chromperfect software (Justice Laboratory Software, Denville, N.J., USA).
Statistical Analyses
All analyses were between groups and analyzed using one, two, or three-way ANOVAs followed by decomposition of factors and post hoc tests as appropriate and as previously conducted [29] .
Results

Embryonic MAP Exposure Attenuates MAP Cue Conditioning
A three-way ANOVA examining the effects of CS+ (Na or Cl), pre-exposure (vehicle or 50 μ M MAP), and MAP conditioning dose (vehicle, 17 and 50 μ M ) on CS+ PIs found significant effects of CS+ (F 1, 185 = 93.4; p < 0.001) and conditioning dose (F 2, 185 = 8.6; p < 0.001). This analysis also found significant interactions between CS+ and conditioning dose (F 2, 185 = 0.2; p < 0.008) and preexposure and conditioning dose (F 2, 185 = 11.7; p < 0.001) on CS+ PI.
Since a main effect of CS+ was observed, separate twoway ANOVAS were performed to examine the effects of each CS+ (Na or Cl) on the PI. When the CS+ was Na, a two-way ANOVA found a significant effect of conditioning dose (F 2, 94 = 5.5; p < 0.006) and a significant interaction between pre-exposure and conditioning dose (F 2, 94 = 6.1; p < 0.004) on PI. For the vehicle pre-exposed groups, a one-way ANOVA revealed a significant effect of MAP conditioning dose on PI (F 2, 46 = 8.8; p < 0.002). LSD post hoc tests found significant differences between the vehicle-conditioned and either the 17 μ M (p < 0.007) or 500 μ M (p < 0.001) MAP-conditioned groups ( fig. 1 ) . Specifically, when Na was the CS+, vehicle-exposed and conditioned worms displayed an enhanced PI when conditioned with 17 and 500 μ M MAP compared to vehicleexposed and unconditioned controls. However, for the MAP pre-exposed groups, a one-way ANOVA did not find a significant effect of MAP conditioning dose on PI (F 2, 46 = 2.8; p < 0.07) ( fig. 1 ) . Specifically, in MAP preexposed worms, the PI for the CS+ Na was not enhanced above control levels following conditioning with either the 17 or 500 μ M MAP doses.
When the CS+ was Cl, a two-way ANOVA found a significant effect of pre-exposure (F 1, 91 = 4.4; p < 0.05) and conditioning dose (F 2, 91 = 8.1; p < 0.002) and a significant interaction between pre-exposure and conditioning dose (F 2, 91 = 6.6; p < 0.003) on PI. For the vehicle pre-exposed groups, a one-way ANOVA revealed a significant effect of MAP conditioning dose on PI (F 2, 46 = 13.5; p < 0.001). LSD post hoc tests found significant differences between the vehicle-conditioned and either the 17 μ M (p < 0.001) or 500 μ M (p < 0.002) MAP-conditioned groups ( fig. 1 ) . However, for the MAP pre-exposed groups, a one-way ANOVA did not find a significant effect of MAP conditioning dose on PI for Cl (F 2, 43 = 2.2; p < 0.124) ( fig. 1 ).
Embryonic MAP Exposure Does Not Affect Food Conditioning
A three-way ANOVA examining the effects of CS+ (Na or Cl), pre-exposure (vehicle or 50 μ M MAP), and conditioning (vehicle vs. food) on CS+ PIs found a significant effect of CS+ (F 1, 95 = 89.4; p < 0.001). However, no significant effects of pre-exposure (F 1, 95 = 0.7) or conditioning (F 1, 95 = 2.3) were found. This analysis also found significant interactions between CS+ and pre-exposure (F 1, 95 = 17.8; p < 0.001) and between CS+ and conditioning (F 1, 95 = 6.9; p < 0.02) on PI.
Since a main effect of CS+ was observed, separate two-way ANOVAs were performed to examine the effects of either the CS+ Na or Cl on PI. When the CS+ was Na, a two-way ANOVA found a significant effect of pre-exposure (F 1, 48 = 13.0; p < 0.002) and conditioning (F 1, 48 = 8.7; p < 0.006), without a significant interaction between pre-exposure and conditioning (F 1, 48 = 0.2) on PI ( fig. 2 ). These findings indicate that MAP pre-exposure increased Na preference and that both the vehicle and MAP pre-exposed groups conditioned to Na when previously paired with food. Specifically, MAP pre-exposure enhanced Na PI compared to vehicle pre-exposed controls. However, both the vehicle and MAP pre-exposed groups displayed enhanced PIs for the CS+ Na following food conditioning compared to their respective controls.
When the CS+ was Cl, a two-way ANOVA found a significant effect of pre-exposure (F 1, 47 = 5.6; p < 0.05) on PI. However, no significant effect of conditioning (F 1, 47 = 0.6) and no significant interaction between pre-exposure and conditioning (F 1, 47 = 0.1) were found on PI ( fig. 2 ). These findings indicate that MAP pre-exposure decreased Cl preference, and that both the vehicle and MAP preexposed groups did not condition to Cl when previously paired with food. elegans . When the CS+ was Na + ( a ), a two-way ANOVA found a significant effect of conditioning dose (F 2, 94 = 5.5; p < 0.006) and a significant interaction between pre-exposure and conditioning dose (F 2, 94 = 6.1; p < 0.004) on PI. For the vehicle pre-exposed groups, a one-way ANOVA revealed a significant effect of MAP conditioning dose on PI (F 2, 46 = 8.8; p < 0.002). Post hoc tests found significant differences between the vehicle-conditioned and either the 17 μ M (p < 0.007) or 500 μ M (p < 0.001) MAP-conditioned groups ( a ). However, for the MAP pre-exposed groups, a one-way ANOVA did not find a significant effect of MAP conditioning dose on PI (F 2, 46 = 2.8; p < 0.07; a ). When the CS+ was Cl -( b ), a two-way ANOVA found a significant effect of pre-exposure (F 1, 91 = 4.4; p < 0.05) and conditioning dose (F 2, 91 = 8.1; p < 0.002) and a significant interaction between pre-exposure and conditioning dose (F 2, 91 = 6.6; p < 0.003) on PI. For the vehicle pre-exposed groups, a one-way ANOVA revealed a significant effect of MAP conditioning dose on PI (F 2, 46 = 13.5; p < 0.001). Post hoc tests found significant differences between the vehicle-conditioned and either the 17 μ M (p < 0.001) or 500 μ M (p < 0.002) MAP-conditioned groups ( b ). However, for the MAP pre-exposed groups, a one-way ANOVA did not find a significant effect of MAP conditioning dose on PI for Cl (F 2, 43 = 2.2; p < 0.124; b ). * p < 0.05, indicates significant increases in PI compared to the respective vehicle conditions. 2) on PI. These findings indicate that MAP pre-exposure increased Na + preference and that both the vehicle and MAP pre-exposed groups conditioned to Na + when previously paired with food. When the CS+ was Cl -( b ), a two-way ANOVA found a significant effect of pre-exposure (F 1, 47 = 5.6; p < 0.05) on PI. However, no significant effect of conditioning (F 1, 47 = 0.6) and no significant interaction between pre-exposure and conditioning (F 1, 47 = 0.1) were found on PI. These findings indicate that MAP pre-exposure decreased Clpreference, and that both the vehicle and MAP pre-exposed groups did not condition to Cl -when previously paired with food. * p < 0.05, indicates a significant increase in PI compared to the respective control condition. 
MAP Exposure Inhibits Drug
Discussion
As found previously in our laboratory, adult N2 C. elegans displayed an increased preference for the salt ion that was paired with MAP [29] . However, N2 C. elegans embryonically exposed to MAP failed to display MAPassociated cue conditioning as adults. Furthermore, embryonic MAP exposure did not affect food-associated cue conditioning. Finally, embryonic MAP exposure significantly reduced DA concentrations in adult N2 C. elegans . Overall, these findings suggest that embryonic MAP exposure attenuates the reinforcing properties of MAP, but not food, with a concomitant decrease in DA levels in adult N2 C. elegans . It is possible that the associated depletions in DA after embryonic MAP exposure is a driving mechanism responsible for the attenuation of the reinforcing properties of MAP and that this invertebrate model can be utilized to further investigate the effects of embryonic MAP exposure on behavior and neurochemistry as adults.
Previously, our laboratory utilized similar conditioning procedures and found that adult N2 C. elegans show enhanced salt cue preference following food or MAP conditioning [29] . This study also found that the cat-1 (CB1) and cat-2 (CB2) mutants, which have reduced levels of DA compared to N2s [37] , do not display increases in salt cue preference following food or MAP conditioning. The CB1 mutants are defective in packaging DA for release in vesicular monoamine transporters [38] , while the CB2 mutants lack the gene encoding tyrosine hydroxylase required for DA synthesis [39] . The findings presented here support those by Musselman et al. [29] , as untreated N2 C. elegans demonstrated significant increases in salt cue preference following food or MAP conditioning, and embryonic exposure to MAP, which was associated with decreased DA concentrations as adults (like CB1 and CB2 mutants), prevented their ability to condition to salt cues paired with MAP. Consistent with these findings, exogenous DA exposure rescued the conditioned response to MAP in both CB1 and CB2 mutants [29] . However, in the studies performed here, embryonic MAP exposure, with associated reductions in DA, did not impair the ability of N2 C. elegans to condition to a salt cue paired with food. These divergent findings may be explained by the possibility that CB1 and CB2 mutants have relatively low levels of DA compared to N2s (CB2 60-70% reduction in DA vs. wild-type N2 worms [37] ; data not shown from our laboratory), while the reductions in DA observed after embryonic exposure are moderate in comparison (28-36% decrease in DA vs. untreated controls). Thus, greater reductions in DA neurotransmission observed in the mutants may impair both food and MAP salt cue conditioning, while moderate reductions in DA observed in embryonically exposed N2s may selectively impair MAP salt cue conditioning without affecting food salt cue conditioning. It is also possible that the DA mutants have more widespread impairments in DA neurotransmission and systems (more DA neurons are impacted) compared to N2 worms embryonically exposed to MAP, which could explain the differential findings between the present findings and those of Musselman et al. [29] . The present findings are supported in other species, such as Drosophila , in which DA neurotransmission was necessary for the development of a conditioned preference response using ethanol as the unconditioned stimulus [40] . Monoamine pathway mutants in vertebrates have also been shown to have alterations in stimulant-induced conditioned behavior [41, 42] .
We have made improvements to our previous methods [as detailed in 29 ] for conducting our conditioning and preference testing. We are now able to conduct conditioning trials in liquid, rather than on agar test plates, and have devised a perfusion system to control the drug/ cue exposure parings. For the studies presented here, filtration as opposed to centrifugation was used to wash the animals between drug period cue pairings with drugs and vehicle. In order to establish clear associations between the salt cues and unconditioned stimuli (drugs), pairings of drugs (or controls) with cues must be done in the complete absence of any previous stimuli (cues or drugs) presented in the previous session. This necessitates multiple washes with sterile water to ensure discrete environments for Pavlovian conditioning to occur. Previously, this required 3 washes between each exposure. Each wash took more than 5 min, with a significant amount of handling, and resulted in a significant loss of worms. Therefore, we developed a method of using filtration, rather than centrifugation, to wash and expose worms to the requisite stimuli and cues. This significantly reduces the time needed to conduct these experiments, reduces the loss of worms in handling, and increases throughput. In addition, we downsized our chemotaxic agar test plates by utilizing 6-well plates with 3.5-cm-diameter wells with 1.2-cm-diameter target zones, instead of 6.0-cm-diameter test plates with 1.6-cm-diameter target zones used previously [29] . The development of our salt cue chemotaxis assay in 6-well plates significantly reduces the amount of worms needed for conditioning and testing, reduces the time required for image acquisition, and ultimately increases throughput.
The chemosensory system in C. elegans detects watersoluble (gustatory) cues. Amphid chemosensory organs contain eleven pairs of chemosensory neurons. Each of these sensory neurons expresses a specific set of candidate receptor genes and detects a characteristic set of attractants, repellants, or pheromones. Each chemosensory neuron has a characteristic pattern of expression that is established during embryogenesis. Among the amphid neurons, single (ASE) neurons are responsible for sensing water-soluble attractants, such as Na + and Cl -ions [43, 44] . It is possible that MAP pre-exposure resulted in sensory damage that prevented the ability of the worms to form an association between salt cues and MAP. However, this is unlikely given that worms embryonically exposed to MAP were able to associate salt cues with food in the present study. In worms that were not conditioned to MAP, embryonic MAP exposure enhanced Na + and decreased Cl -preference of adult worms compared to those exposed to vehicle/water ( fig. 2 ). There are several potential reasons for this observed change in salt ion preference due to embryonic MAP treatment. First, it is possible that embryonic MAP produced alterations in the sensory cilium of chemosensory neurons, since behavioral deficits in chemosensation have been observed in cilium structure mutants [45, 46] . It is also possible that MAP exposure during embryogenesis produced alterations in ASE neurons. In wild-type worms, ASE neurons possess a rapid form of taste adaptation that can be induced within a few minutes of exposure to salts [47, 48] . Na + or Cl -exposure blocks chemotaxis to Na + or Cl -, respectively. Mutations in osm-9 and adp-1 blocks ASE adaptation to salts and mutations in G-protein-γ (gpc-1) block salt adaptation [47] . Thus, it is plausible that embryonic exposure to MAP may produce alterations in ASE neurons, which attenuate the ability of the worms to rapidly adapt to salt ion cues. It is also possible that the enhanced salt ion preference may be due to HCl salt exposure from the MAP used to treat worms embryonically. However, this seems unlikely given that the concentration of HCl salt in the dose of MAP used to treat worms was extremely low (10 μ M ). The present studies were not designed to determine the mechanism by which embryonic MAP exposure enhanced salt ion preference; therefore, additional studies are required.
In terms of behavioral effects, acute MAP exposure (1 h) in C. elegans decreased egg laying, pharyngeal pumping (feeding behavior), and locomotor activity [49] , and this pattern of behavioral effects is very similar to those observed after the application of exogenous DA [50] [51] [52] [53] . Amphetamine also has similar effects to MAP, which are mediated through DA neurotransmission [54] . McDonald et al. [52] identified a behavior mediated by DA, swimming-induced paralysis, which is observed in nematodes placed in water, and is regulated by the DA transporter DAT-1. Using this assay, Carvelli et al. [54] found that amphetamine quickly elicits swimming-induced paralysis in wild-type C. elegans but not DAT-1 knockout worms ( dat-1 ). cat-2 mutants, which are unable to synthesize DA and have reduced DA levels, displayed a significant reduction in amphetamine-induced swimminginduced paralysis compared to wild-type worms. Furthermore, these authors found that amphetamine elicits DA efflux in wild-type C. elegans DA neurons with functional DATs, and could be blocked with DAT-1 inhibitors. In addition, amphetamine was unable to increase DA efflux in DA neurons from dat-1 mutants, suggesting that the DAT plays a key role in the effects of amphetamine on DA efflux in C. elegans .
Protracted MAP exposure (16 h) has been shown to result in toxicity and lethality in wild-type C. elegans [49] , which has also been observed with prolonged exposure to exogenous DA [51] . MAP exposure can lead to the loss of DA terminals and neurons in the rat brain [14, 15] , and such effects are also suspected to occur in human MAP abusers [4] . MAP also affects DA neurotransmission in C. elegans [49] . However, the effects of embryonic MAP exposure on the developing DA system are essentially unknown. Thus, we tested the hypothesis that embryonic MAP exposure would reduce tissue DA levels later in development. The present findings, however, indicate that embryonic exposure to MAP reduces tissue levels of DA later in C. elegans development. These data are consistent with our hypotheses and the mechanism by which MAP is known to induce DA neurotoxicity in mammals.
There are two periods of cell production in the developing nervous system of hermaphrodite C. elegans . During the first half of embryogenesis, 222 cells arise and produce a majority of the components of the nervous system [55] , and a second period of cell production occurs at the end of the L1 larval stage, when most of the ventral cord motor neurons are generated [56, 57] . Since most neurogenesis occurs during embryogenesis in C. elegans , MAP exposure was conducted during this critical period of neurobiological development. Other researchers have utilized similar exposure paradigms to examine the effects of embryonic drug exposure on development in C. elegans [58] . It is well established that MAP is neurotoxic to DA neurons and can lead to neurodegeneration in mammals [15] , and the data presented here indicate that similar effects can occur in C. elegans . The reductions in DA levels observed here suggest that MAP exposure during embryogenesis is toxic to DA neurons during this critical period of development.
Future studies should examine the consequences of MAP exposure during embryonic development on drug self-exposure and rewarding behavior throughout the lifespan of C. elegans . MAP exposure is known to have profound behavioral effects in humans and also in animal models. MAP supports self-administration behavior and produces conditioned place preference responses in nonhuman primates [59] and rodents [60] . However, very little is known about the long-term consequences of MAP exposure during development on subsequent behavior.
Consistent with these findings, our published data [29] show that C. elegans also show context conditioning to cues that had previously been associated with MAP or cocaine. These data suggest that MAP exposure during embryonic development may alter the concentration-response curve of drug self-exposure and the rewarding properties of drugs.
